Six compounds were isolated as radical scavengers from the culture broth of a marine-derived actinomycete strain USF-TC31. The structures of two novel compounds were determined to be those of N-carbamoyl-2,3-dihydroxybenzamide (5) and 2-acetamido-3-(2,3-dihydroxybenzoylthio)propanoic acid (6), and four known compounds were identified to be anthranilic acid (1), 2,3-dihydroxybenzoic acid (2), 2,3-dihydroxybenzamide (3) and benadrostin (4) on the basis of spectroscopic data. Compound 6 was characterized as a racemate by its specific rotation. Each of the obtained compounds was evaluated for DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity, and compounds 2, 3, 5 and 6 each exhibited potent activity in comparison with the butylhydroxytoluene (BHT) positive control.
In the course of our screening program for antioxidants, we have previously reported several new compounds from soil-derived microorganisms [7] [8] [9] [10] [11] and fermented foods. 12, 13) We are interested in marine natural products as a new source and continue to investigate new antioxidants from the metabolites of marine-derived microorganisms in a manner similar to that reported in our previous studies. An unidentified actinomycete strain USF-TC31, which had been separated from a marine alga collected on the west coast of the Izu peninsula in Shizuoka prefecture, Japan, was found to be a producer of DPPH (2,2-diphenyl-1-picrylhydrazyl) 14) radical scavenging compounds. This USF-TC31 strain produced several potent DPPH radical scavengers such as catechol-related compounds in the culture supernatant.
We report in this paper the fermentation of the USF-TC31 strain, and the isolation, structural elucidation and radical scavenging activities of six compounds involving two novel catechol compounds.
Results and Discussion
Cultivation of the unidentified actinomycete strain USF-TC31 was conducted for 10 d on a rotary shaker at 30
C. An ethyl acetate extract from the culture supernatant of the USF-TC31 strain was successively purified by silica gel column chromatography, Sephadex LH20 column chromatography and reversed-phase HPLC to yield compounds 1-6.
Compound 1 was identified as anthranilic acid from its FAB MS data and 1 H-and 13 C-NMR spectral data. Compound 2 showed the quasi-molecular ion peak at m=z 155 ½M þ H þ and m=z 247 ½M þ glycerol þ H þ in the FAB MS data. Three aromatic proton signals derived from a 1,2,3-trisubstituted benzene ring were observed in the 1 H-NMR spectrum. In the 13 C-NMR spectrum, a carboxyl carbon signal was detected, in addition to the carbon signals of a 1,2,3-trisubstituted benzene ring. Accordingly, the molecular formula of 2 was estimated to be C 7 H 6 O 4 , and compound 2 was identified as 2,3-dihydroxybenzoic acid by comparing its HPLC and NMR spectra with those of an authentic sample. It has been reported that 2,3-dihydroxybenzoic acid was isolated from the culture filtrate of Penicillium requefortii and showed antioxidative activity. 15) The molecular formula of 3 was established as C 7 H 7 NO 3 from its HR-FAB MS data. The 1 H-and 13 C-NMR spectra of 3 were similar to those of 2, showing the structure of 3 to be similar to that of 2. In addition, the molecular weight of 3 was 1 mass unit smaller than that of 2, suggesting that a carboxylic acid was replaced by an amide. Thus, the structure of 3 was determined to be 2,3-dihydroxybenzamide.
The HR-FAB MS data for 4 indicated that the molecular formula was C 8 H 5 NO 4 . The 1 H-and 13 C-NMR spectra of 4 in acetone-d 6 were also similar to those of 3, except that the signals of an amide proton ( H 10.74), an exchangeable proton ( H 9.35) and a quaternary sp 2 carbon ( C 147.6) were observed in the NMR spectra of 4. An HMBC spectral analysis enabled compound 4 to be identified as benadrostin, 16) a poly(ADP-ribose) synthetase inhibitor produced by Streptomyces flavirens.
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Compound 6 was isolated as a colorless oil, and the molecular formula was deduced to be C 12 H 13 NO 6 S from its HR-FAB MS data. In the 1 H-NMR spectrum of 6, three coupled aromatic protons were detected, as was the case with compound 2, and the presence in 6 of a 2,3-dihydroxybenzoyl group was inferred. In addition, the four signals observed in the 1 H-NMR spectrum of 6 were assigned to a methyl proton ( H 1.97), a set of nonequivalent methylene protons ( H 3.75 and H 3.35) and a methine proton ( H 4.72) ( Table 1) . Furthermore, a methylene group was recognized lying adjacent to a methine group from the coupling constants between the non-equivalent methylene protons and the methine proton. A methyl proton signal and a methine proton signal were observed in a low field, showing that the signals were respectively derived from an acetyl group and a nitrogen atom connecting a methine group. The twelve signals observed in the 13 C-NMR spectrum of 6 were a thioester carbonyl carbon ( C 197.7), carboxyl and amide carbonyl carbons ( C 173.4 and 173.5), six benzene ring carbons ( C 149.0, 147.6, 122.0, 121.5, 120.5 and 120.2), a methine carbon ( C 53.5), a methylene carbon ( C 31.3) and a methyl carbon ( C 22.4). The HMBC spectrum of 6 supported the five partial structures drawn in Fig. 2 0 ) enabled the structure of 6 to be clarified as 2-acetamido-3-(2,3-dihydroxybenzoylthio)propanoic acid, a novel compound. In addition, compound 6 was revealed to be a racemate by measuring the specific rotation.
The six compounds (1-6) obtained in this study, and BHT as a positive control, were tested for their DPPH radical scavenging activity, and ED 50 values were calculated ( Table 3 ). The catechol compounds (2, 3, 5 and 6) exhibited more potent activity than the positive control, BHT. Additionally, there was no significant difference in the ability for DPPH radical scavenging among those compounds. Compounds 1 and 4 had weak activity toward the DPPH radical. Although compounds incorporating a catechol moiety have been reported as antioxidants, 12, 13, 17, 18) it is interesting that the USF-TC31 strain produced several related metabolites exhibiting potent antioxidative activity. This study revealed the structures and radical scavenging activities of novel compounds isolated from the culture broth of a marine-derived actinomycete, and this is the first report of anthranilic acid (1), benadrostin (4), N-carbamoyl-2,3-dihydroxybenzamide (5) and 2-acetamido-3-(2,3-dihydroxybenzoylthio)propanoic acid (6) showing DPPH radical scavenging activity.
Experimental
General experimental procedures. NMR spectra were obtained with a Jeol JMN-ECA-500 spectrometer, using tetramethylsilane as an internal standard. High-and low-resolution mass spectra were measured by a Jeol JMS-700 spectrometer, and UV spectra were recorded with a Shimadzu UV-160A spectrometer. Optical rotation was measured with a Horiba SEPA-200 spectrometer, and HPLC for preparation was conducted by Jasco 880-PU and Jasco UV-970 instruments.
Fermentation. The USF-TC31 strain was inoculated into a medium (850 ml) consisting of glucose (1%), polypeptone (0.2%), yeast extract (0.1%), meat extract (0.1%) and NaCl (3%) at pH 7.2 in a 2000-ml Erlenmeyer flask. Eighteen inoculated flasks were incubated at 30 C on rotary shaker at 130 rpm for 10 d.
Isolation of DPPH radical scavengers from the culture broth of the USF-TC31 strain. The culture broth (15.3-liter) was centrifuged at 6000 rpm for 20 min, and the resulting supernatant was adjusted to pH 3 and extracted with ethyl acetate (7:5-liter Â 3). The combined ethyl acetate layer was dried over anhydrous Na 2 SO 4 and filtered, and the solvent was removed under reduced pressure. The ethyl acetate extract (2.3 g) was applied to column chromatography over silica gel, eluting with hexane/ethyl acetate (3/1, 1/1 and 1/3) and ethyl acetate. All fractions (fractions I-IV) showed DPPH radical scavenging activity in a TLC assay. 19) Fraction I was further purified by silica gel column chromatography, eluting with a solvent of the same composition (hexane/ethyl acetate ¼ 3=1) again. Subfractions 7 to 11 were combined, and the mixed fraction was further purified by Sephadex LH20 column chromatography, eluting with methanol. The active fractions from 10 to 15 were combined and purified by preparative RP-HPLC (Capcell-Pak C 18 SG120 column, 15 Â 250 mm, Shiseido; 11% CH 3 CN solution containing 0.1% TFA as the mobile phase) to yield compounds 1 (39.4 mg) and 2 (59.8 mg).
Fraction II was further purified by Sephadex LH20 column chromatography, eluting with methanol. Subfractions 9 to 11 were combined and evaporated in vacuo to dryness, and the resulting residue was finally purified by preparative RP-HPLC (Capcell-Pak C 18 SG120 column, 15 Â 250 mm, Shiseido; 11% CH 3 CN solution containing 0.1% TFA as the mobile phase) to yield 3 (37.9 mg) and 4 (73.0 mg). Fraction III was purified by Sephadex LH20 column chromatography, eluting with methanol, and then compound 5 (34.7 mg) was eluted in subfractions 13 to 15. Fraction IV was further purified by Sephadex LH20 column chromatography, eluting with methanol. Subfractions 9 to 11 were combined and evaporated in vacuo to dryness. The resulting residue was finally purified by preparative RP-HPLC (Capcell-Pak C 18 SG120 column, 15 Â 250 mm, Shiseido; 18% CH 3 CN solution containing 0.1% TFA as the mobile phase) to yield 6 (8.1 mg).
1. Colorless needles. FAB MS: 2. Colorless needles. FAB MS: 13 C-NMR (acetone-d 6 , 125 MHz) C : 162.0 (C-4), 147.6 (C-2), 145.9 (C-8), 143.7 (C-8a), 126.0 (C-6), 123.1 (C-7), 117.9 (C-5), 116.6 (C-4a). HMBC correlations ( n J CH ¼ 8 Hz): H-5 to C-4, C-4a, C-7 and C-8a, H-6 to C-4a, C-5, C-7 and C-8, H-7 to C-5, C-6, C-8 and C-8a, and 8-OH to C-7, C-8 and C-8a.
5. Colorless oil. HR-FAB MS ½M þ H þ : m=z 197.0556 (197.0562 calcd. for C 8 H 9 N 2 O 4 ).
1 H-NMR: see Table 1 . 13 C-NMR: see Table 2 . 6. Colorless oil. HR-FAB MS ½M þ H þ : m=z 300.0540 (300.0542 calcd. for C 12 H 14 NO 6 S).
1 H-NMR: see Table 1 . 13 C-NMR: see Table 2 . ½ D 24 0 (c 0.1, MeOH).
Measurement of the DPPH radical scavenging activity. An ethanol solution of a sample at various concentrations (1 ml) was mixed with a 0.5 mM DPPH ethanol solution (0.5 ml) and 0.1 mM acetate buffer (pH 5.5, 1 ml). After standing for 30 min, the absorbance of the mixture at 517 nm was measured. The ED 50 value was determined by comparing the absorbance of the sample with that from a blank test. 
